h Though the compromised blood-brain barrier (BBB) is a pathological hallmark of Japanese encephalitis-associated neurological sequelae, the underlying mechanisms and the specific cell types involved are not understood. BBB characteristics are induced and maintained by cross talk between brain microvascular endothelial cells and neighboring elements of the neurovascular unit. In this study, we show a potential mechanism of disruption of endothelial barrier integrity during the course of Japanese encephalitis virus (JEV) infection through the activation of neighboring pericytes. We found that cultured brain pericytes were susceptible to JEV infection but were without signs of remarkable cytotoxicity. JEV-infected pericytes were found to release biologically active molecules which activated ubiquitin proteasome, degraded zonula occludens-1 (ZO-1), and disrupted endothelial barrier integrity in cultured brain microvascular endothelial cells. Infection of pericytes with JEV was found to elicit elevated production of interleukin-6 (IL-6), which contributed to the aforementioned endothelial changes. We further demonstrated that ubiquitin-protein ligase E3 component n-recognin-1 (Ubr 1) was a key upstream regulator which caused proteasomal degradation of ZO-1 downstream of IL-6 signaling. During JEV central nervous system trafficking, endothelial cells rather than pericytes are directly exposed to cell-free viruses in the peripheral bloodstream. Therefore, the results of this study suggest that subsequent to primary infection of endothelial cells, JEV infection of pericytes might contribute to the initiation and/or augmentation of Japanese encephalitis-associated BBB breakdown in concerted action with other unidentified barrier disrupting factors.
T he blood-brain barrier (BBB) acts as an interface between the central nervous system (CNS) and the systemic compartments of the body and is a unique diffusion barrier which plays an important role in the maintenance of CNS homeostasis by restricting immune cell migration and diffusion of soluble molecules from the blood to the brain parenchyma. Endothelial cells in the brain microvasculature line the intraluminal portion of brain capillaries closely interconnected by continuous tight junctions and represent the cellular basis of the structural and functional integrity of the BBB. In addition to brain microvascular endothelial cells, the neurovascular unit of the BBB is also composed of the capillary basement membrane, neurons, astrocytic end-feet ensheathing the vessels, and pericytes embedded within the basement membrane. Brain microvascular endothelial cells have a dynamic interaction with those neighboring cells. The cross talk between the cells of the neurovascular unit and their cooperation are crucial for the formation of complex tight junctions and the maintenance of functional barrier integrity (1, 2) .
The disruption of BBB integrity is a feature of several acute and chronic neurological disorders and plays a critical role in disease progression, including viral pathogenesis. Neurotropic virus-associated neuropathy is characterized by the presence of infectious virus particles, immune cells, inflammatory mediators, and eventual neuronal dysfunction or destruction in the parenchymal tissues of the CNS. Generally, BBB integrity is compromised during infection, and this BBB disruption dictates the aforementioned alterations and brain injury in several neurotropic viruses (3) (4) (5) (6) . Though most studies demonstrated the detrimental consequences of BBB breakdown during neurotropic virus infection, the opening of the BBB also prevents certain lethal viral CNS infections (7) .
Currently, the mechanisms of BBB disruption during neurotropic virus-associated pathologies are not fully understood.
Japanese encephalitis virus (JEV), an enveloped, singlestranded, positive-sense, neurotropic flavivirus, is an important human pathogen transmitted by the mosquito and may cause severe, even lethal, encephalitis (8, 9) . Neurological complications such as inflammation and neuronal death contribute to the mortality and morbidity associated with JEV-induced encephalitis, and a high proportion of survivors have serious neurological and psychiatric sequelae (10, 11) . During the course of JEV infection, the neuronal death rate and the mortality rate increase in patients with elevated levels of inflammatory mediators in the serum and cerebrospinal fluid (12, 13) . The increased production of inflammatory mediators is also associated with high virus titers in the brain and increased mortality in Japanese encephalitis animal models (10, 11, 14) . Although the exact mechanisms of neurotropic virus-associated CNS invasion and encephalitis are yet to be clearly defined, increasing evidence suggests the crucial role of the BBB in controlling viral entry and immune cell infiltration into the nervous tissues. Several clinical and experimental studies demonstrated the dysfunction and/or disruption of the BBB in Japanese encephalitis subjects, and these alterations were positively correlated with the severity of encephalitis (10, (15) (16) (17) (18) .
Since BBB endothelial cells are directly exposed to cell-free viruses in the peripheral bloodstream, they are highly expected to play a determinant role in neurotropic virus-associated BBB disruption. This hypothesis is supported by the finding that direct infection of BBB endothelial cells with Semiliki Forest virus caused disruption of endothelial barrier integrity (6) . Further evidence has demonstrated that the BBB is not intrinsic to the endothelial cells but is regulated by interactions with neighboring cells. Brain pericytes, the nearest neighbors of brain microvascular endothelial cells sharing a common basal membrane in cerebral capillaries, have a regulatory effect on BBB integrity (19) (20) (21) . Virus-infected or stressed pericytes produced elevated levels of proinflammatory cytokines and compromised the integrity of the BBB in vitro (22) (23) (24) . Although the viruses can be detected in BBB endothelial cells after systemic infection (17) , the results of a brain microvascular endothelial cell monoculture model study showed that the increased vascular permeability during JEV infection could not solely be produced by endothelial infection (25) . The mechanisms of BBB disruption during JEV-associated pathologies are not fully understood. To extend the scope of understanding of cellular mechanisms associated with JEV-induced BBB disruption, our aim was to study the impact of pericytes on the barrier properties of brain microvascular endothelial cells during the course of JEV infection. We found that JEV infection resulted in compromised integrity of an in vitro BBB model coculturing of brain microvascular endothelial cells and pericytes. Soluble bioactive interleukin-6 (IL-6) derived from JEV-infected pericytes contributed to endothelial zonula occludens-1 (ZO-1) degradation, leading to barrier disruption. These endothelial changes were accompanied by activation of IL-6-induced ubiquitin-proteasome-dependent degradation machinery.
MATERIALS AND METHODS
Virus. JEV NT113 was propagated in C6/36 cells (BCRC-60114; Bioresource Collection and Research Center, Hsinchu, Taiwan) utilizing Dulbecco's modified Eagle medium (DMEM) containing 5% fetal bovine serum (FBS). For virus inactivation, JEV stocks were incubated at 94°C for 15 min (JEV/heat inactivated). Baby hamster kidney cells (BHK21, BCRC-60041; Bioresource Collection and Research Center, Hsinchu, Taiwan) were used to determine viral titers. To conduct viral infection, cells were adsorbed with JEV for 1 h at 37°C as described in our previous report (25) . After adsorption, the unbound viruses were removed by gentle washing with phosphate-buffered saline (PBS). Fresh medium was added to each plate for further incubation at 37°C.
Brain microvascular endothelial cells and pericytes. The protocol for this animal study was approved by the Animal Experimental Committee of Taichung Veterans General Hospital. Brain microvascular endothelial cells and pericytes were isolated from adult female Sprague-Dawley rats (BioLASCO Taiwan Co., Ltd.) and cultured according to previously reported methods with some modifications (26) . Briefly, the gray matter was minced and digested for 2 h at 37°C with 1 mg/ml of collagenase in DMEM. The cell pellets were separated by centrifugation for 20 min at 1,000 ϫ g in 20% bovine serum albumin in DMEM. The microvessels obtained in the pellets were digested further with 1 mg/ml of collagenasedispase in DMEM for 1.5 h at 37°C. The digested microvessel solution was centrifuged at 700 ϫ g and 4°C for 6 min. Percoll was mixed in a 9:1 ratio with 10ϫ-concentrated PBS. This solution was diluted 1:3 in PBS containing 5% FBS. The mixture was sterilized using a 0.2-m syringe filter and centrifuged in a fixed-angle rotor for 60 min at 30,000 ϫ g and 4°C for Percoll gradient formation. The pellets were resuspended and layered over a 33% continuous Percoll gradient and centrifuged at 1,000 ϫ g for 10 min at 4°C. Subsequently, the microvessel layer was removed and diluted into DMEM. After centrifugation at 700 ϫ g for 10 min, cell pellets were resuspended and used for cultivation. For pericyte preparation, the obtained cells were seeded onto uncoated dishes and cultured in DMEM containing 10% FBS for 10 days. For endothelial cells, another set of cells were seeded onto collagen-coated dishes. Cells were cultured in DMEM containing 20% horse serum, 40 g/ml of endothelial cell growth supplements, and 4 g/ml of puromycin. Two days after the initial plating, cells were fed with culture medium without puromycin and fed every 2 days afterwards (7 to 10 days). The resultant cells were microvascular endothelial cells. To measure the integrity of the endothelial barrier, brain microvascular endothelial cells (1 ϫ 10 5 ) were seeded onto collagen-coated Transwell filter inserts (24-well; BD, San Jose, CA) 3 days prior to experiments. Two experimental conditions were designed to establish the coculture system. Brain microvascular endothelial cells (9 ϫ 10 4 ) were first seeded onto collagen-coated Transwell filter inserts. Twenty-four hours later, pericytes (1 ϫ 10 4 ) were seeded onto the same Transwell filter inserts grown with monolayers of brain microvascular endothelial cells. These cocultured cells were used two additional days later. In another set, brain microvascular endothelial cells (9 ϫ 10 4 ) and pericytes (1 ϫ 10 4 ) were seeded onto collagen-coated Transwell filter inserts and 24-well plates, respectively. Three days later, the coculture was constructed by putting Transwell filter inserts into 24-well plates and was then used for experiments.
Cell viability assessment. [3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS; Promega, Madison, WI) assay was performed to measure cell viability in a 96-well plate according to the manufacturer's instructions.
Immunofluorescence staining. The cells were washed twice with PBS, fixed with 4% paraformaldehyde in phosphate buffer (PB; 0.1 M Na 2 HPO 4 and 0.1 M NaH 2 PO 4 ) for 10 min, permeabilized with 0.1% Triton X-100 for 15 min, and washed with PBS. The cells were blocked with 5% nonfat milk in PBS for 30 min and then incubated with antibody against occludin (Santa Cruz Biotechnology, Santa Cruz, CA) or zonula occludens-1 (ZO-1, Invitrogen, Carlsbad, CA) overnight at 4°C, followed by washing with PBS. After washing, the cells were incubated with rhodamine-or fluorescein isothiocyanate (FITC)-conjugated secondary antibody for 1 h at room temperature. The nuclei were counterstained with Hoechst 33342. The fluorescent signals were observed under a fluorescence microscope.
Flow cytometry measurement. For the detection of CD31-positive cells, the detached cells were washed in PBS and stained with monoclonal antibody against CD31 (GeneTex, Irvine, CA). Antibody-labeled cells were washed and fixed in PBS with 0.37% formaldehyde. To identify cells expressing ␣-smooth muscle actin (␣-SMA), the cells were then incubated with permeabilization buffer (0.5% saponin, 0.005% Tween 20, 0.2% FBS, and 0.1% NaN 3 in PBS), stained with anti-␣-SMA antibody (Dako, Carpinteria, CA), washed in PBS, and resuspended in PBS-formaldehyde. These cells were then incubated with FITC-conjugated secondary antibody. Characterization of antibody-labeled cells was performed on a BD FACScalibur flow cytometer.
Western blot analysis. Cells were washed twice with PBS and harvested in Laemmli SDS sample buffer. Protein extracts were separated by SDS-PAGE and electrophoretically transferred to polyvinylidene difluoride membranes. After blocking, the membranes were incubated with antibodies against the following: ZO-1 (Invitrogen, Carlsbad, CA), ZO-2, occludin, claudin-1, claudin-5, ubiquitin-protein ligase E3 component, n-recognin-1 (Ubr 1; Santa Cruz Biotechnology, Santa Cruz, CA), JEV NS3, and ␤-tubulin (BD, San Diego, CA). After washing, a 1:10,000 (vol/ vol) dilution of horseradish peroxidase-labeled IgG was added at room temperature for 1 h. Finally, the blots were developed using enhanced chemiluminescence Western blotting reagents. The intensity of each signal was determined by a computer image analysis system (IS1000; Alpha Innotech Corporation).
TEER.
The culture medium was aspirated and then washed three times with medium. After the insert was dropped into medium, the barrier function of the endothelial monolayer was estimated by measuring the transendothelial electrical resistance (TEER) with a Millicell ERS ohmmeter (Millipore, Billerica, MA), as previously reported (27) . The values were corrected for the background resistance measured across the filter without cells.
Transendothelial permeability assay. Transendothelial permeability assay was carried out according to previously reported methods, with some modifications (28) . Brain microvascular endothelial cells were grown on 3-m-pore Transwell filter inserts until confluent. After treatments, dextran-FITC was applied apically at 0.1 g/ml for 30 min. Samples were removed from the lower chamber for fluorescence measurements and compared to control monolayers. Fluorescence was measured using a fluorometer (E x 492 nm and E m 520 nm, where E x is excitation wavelength and E m is emission wavelength).
RNA isolation and quantitative real-time RT-PCR. Total cellular RNAs were extracted from the cells using a TRIzol RNA isolation reagent (Invitrogen, Carlsbad, CA) and subjected to cDNA synthesis using random primers and Moloney murine leukemia virus (MMLV) reverse transcriptase (Epicentre Biotechnologies, Madison, WI). Quantitative real-time reverse transcriptase PCR (RT-PCR) was performed on ABI StepOne (Applied Biosystems, Foster City, CA), as previously reported (29) . Relative gene expression was determined by the threshold cycle (⌬⌬C T ) method. Primers used for amplifications were as follows: ZO-1, 5=-CAGGTCTCTGTCACGCTTCT and 5=-AGTATTCATGGAAGGGA ATA; JEV, 5=-AGAGCACCAAGGGAATGAAATAGT and 5=-AATAGGT TGTAGTTGGGCACTCTG; and ␤-actin, 5=-AAGTCCCTCACCCTCCC AAAAG and 5=-AAGCAATGCTGTCACCTTCCC.
ELISA. The levels of tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), IL-6, and vascular endothelial growth factor (VEGF) in the supernatants were measured using an enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions (R&D Systems, Minneapolis, MN).
siRNA transfection. The Ubr 1 and control small interfering RNAs (siRNAs) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Microvascular endothelial cells were transfected with siRNAs using INTERFERin siRNA transfection reagent (Polyplus Transfection Inc., New York, NY) according to the manufacturer's instructions. The resultant cells were used 4 h after transfection.
Proteasome activity assay. After treatment, cells were homogenized on ice in a lysis buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 , and 250 mM sucrose. The homogenates were centrifuged at 10,000 ϫ g for 20 min at 4°C, and the resultant supernatants were recentrifuged at 100,000 ϫ g for 1 h at 4°C. The final pellet, containing proteasomes, was resuspended in buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 , and 20% glycerol. The MG132-inhibitable proteasome activity was measured by incubating the supernatants in reaction buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 1 mM 1,4-dithiothreitol (1,4-DTT), and fluorogenic peptide substrates Suc-LLVY-AMC (chymotrypsin-like activity) or Suc-LLE-AMC (trypsin-like activity) (Calbiochem, San Diego, CA) for 45 min at 37°C. The levels of released AMC moiety were measured at an excitation of 380 nm and an emission of 460 nm. The arbitrary unit was expressed as the fluorescence change per amount of protein.
Caspase-3 activity assay. After treatment, cells were homogenized on ice in a lysis buffer containing 20 mM HEPES (pH 7.4), 4 mM EDTA, 1 mM EGTA, 5 mM MgCl 2 , and 1 mM DTT. An aliquot of 50 l of supernatant was incubated with an equal volume of the reaction buffer containing 20 mM HEPES (pH 7.4), 4 mM EDTA, 0.2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 10 mM DTT, and caspase-3-specific fluorogenic peptide substrates (BioVision, Mountain View, CA). The levels of released AMC moiety were measured at an excitation of 380 nm and an emission of 460 nm. The arbitrary unit was expressed as the fluorescence change per amount of protein.
Gelatinase zymography. Supernatants (15 l) were assayed for gelatinase activity by zymography and underwent electrophoresis in polyacrylamide gels containing 0.5 mg/ml of gelatin in the presence of SDS under nonreducing conditions. After electrophoresis, the gels were washed twice in 2.5% Triton X-100 for 1 h, rinsed briefly, and incubated at 37°C for 24 h in 100 mM Tris-HCl (pH 7.4) and 10 mM CaCl 2 . Thereafter, gels were stained with Coomassie brilliant R-250 and destained in a solution of 7.5% acetic acid and 5% methanol. Zones of enzymatic activity appeared as clear bands against a blue background. The zone areas were measured using a computer image analysis system (Alpha Innotech Corporation; IS1000). Statistical analysis. The data are expressed as mean values Ϯ standard deviations. Statistical analysis was carried out using one-way analysis of variance (ANOVA), followed by Dunnett's test to assess the statistical significance between treated and untreated groups in all experiments. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
JEV-infected pericytes disrupted the integrity of endothelial barrier. Pericytes used in this study were prepared from the same brain microvascular vessels from which endothelial cells were obtained. Confluent monolayers of brain microvascular endothelial cells (Fig. 1A) and pericytes (Fig. 1B) obtained from adult Sprague-Dawley rats were examined under a light microscope. Phenotypic characteristics of endothelial cells were elucidated by the positivity of CD31 immunoreactivity (Fig. 1C, left graph) and the negativity of ␣-SMA immunoreactivity (Fig. 1C, right graph) . Pericyte cultures were found to be negative for CD31 (Fig. 1D , left graph) and positive for ␣-SMA (Fig. 1D, right graph) . More than 95% of cultured cells were identified to be endothelial cells and pericytes. Previously, we found that cultured brain microvascular endothelial cells were susceptible to JEV infection with limited amplification (25) . As with endothelial cells, JEV infection had a negligible effect on the viability of pericytes ( Fig. 2A) . Although JEV (multiplicity of infection [MOI], 20) replicated in pericytes, the amplification of viral RNA (Fig. 2B) , the expression of viral nonstructural protein NS3 (Fig. 2C) , and the production of infectious virus particles (Fig. 2D) were not as elevated as those in BHK21 cells (MOI, 5) . As a quantitative measurement of the impact of pericytes on the endothelial barrier integrity during the course of JEV infection, we monitored the TEER (Fig. 3 , upper graphs) and permeability to dextran-FITC (Fig. 3, lower graphs) of the brain microvascular endothelial cell monoculture and the coculture of brain microvascular endothelial cells and pericytes. As shown in a previous report (25) , JEV infection had negligible effects on the established electrical resistance and impermeability (Fig. 3A) in monoculture. When pericytes were grown over the established monolayers of endothelial cells, the endothelial barrier integrity was compromised in response to JEV infection (Fig. 3B ). To further demonstrate the potential disrupting effect of pericytes on endothelial barrier integrity during JEV infection, coculture of monolayers of endothelial cells and pericytes was established by separation with a microporous Transwell filter insert. Infection of pericytes with JEV in the lower chambers also caused disruption of endothelial barrier integrity (Fig. 3C) . This coculture enables the endothelial cells and pericytes to interact via soluble factors. To verify whether the barrier disruption consequence is mediated indirectly through soluble bioactive molecules released by JEVinfected pericytes, the supernatants from infected pericytes were collected. In comparison with mock-infected control, the exposure of endothelial cell monoculture with supernatants obtained from JEV-infected pericytes compromised endothelial barrier in- tegrity, and the disruption was apparently increased with the progression of infection (Fig. 3D) . The supernatants collected from pericytes 48 h after JEV infection decreased TEER and increased permeability to dextran-FITC in endothelial cell monoculture, and remarkable disruption started to occur 12 h after exposure (Fig. 3E) . These results suggest that pericyte-derived bioactively soluble molecules induced by JEV infection play a role in disrupting endothelial barrier integrity during the course of infection.
JEV-infected pericytes caused selective degradation of tight junction proteins. Since the expression and subcellular distribution of tight junction proteins such as claudin, occludin, and ZO play a key role in the physiology of endothelial barrier integrity (1, 2), we first examined their expression in endothelial cell monoculture after exposure to supernatants collected from pericytes 48 h after infection. The supernatants collected from pericytes 48 h after mock and JEV infection were mixed with equal volumes of fresh DMEM; these mixtures are referred to as mock-conditioned medium and JEV-conditioned medium, respectively, and they were used for the following experiments. The data of Western blotting revealed that the additions of JEV-conditioned medium to endothelial cells caused a reduction of endothelial ZO-1 protein (P Ͻ 0.01; n ϭ 4). Unlike ZO-1, the protein levels of ZO-2, claudin-1, claudin-5, and occludin remained relatively constant (Fig.  4A) . No remarkable difference in the levels of ZO-1 mRNA was detected (Fig. 4B) . To examine whether the reduction seen in the total amounts of ZO-1 protein could be visualized by immunofluorescence staining, a set of immunofluorescence experiments was performed. In comparison with the mock control, an apparent reduction in the amounts of surface staining of ZO-1 was observed in cells exposed to JEV-conditioned medium. There was still no apparent difference in the amounts of surface staining of occludin between these two groups (Fig. 4C) . The findings of these experi- ments suggest that a protein degradation mechanism might be involved in the ZO-1 protein reduction seen in this study. Thus, the potential involvement of proteases was evaluated by addition of pharmacological inhibitors to endothelial cells during exposure periods. As shown in Fig. 4D , inhibition of ubiquitin-proteasome activity by MG132 (P Ͻ 0.01, n ϭ 4) and lactacystin (P Ͻ 0.01, n ϭ 4) attenuated JEV-conditioned medium-induced ZO-1 degradation. However, this reversal was not observed by inhibiting metalloproteinase activity (GM6001) or caspase-3 activity (Z-DEVD). Parallel studies also showed that only MG132 and lactacystin alleviated JEV-conditioned medium-induced endothelial barrier disruption (Fig. 4E) . To further verify the potential involvement of proteases, endothelial proteasome, caspase, and metalloproteinase activities were measured. No apparent difference in proteasome activity was detected in endothelial cells directly mock infected or infected with JEV or exposed to mock-conditioned medium (Fig. 4F) . However, the exposure of JEV-conditioned medium increased trypsin-like and chymotrypsin-like proteasome activities (Fig. 4F) . There was no remarkable difference in activity of caspase-3 (Fig. 4G) or metalloproteinase (Fig. 4H) among the groups. These results suggest that the activation of endothelial ubiquitin-proteasome activity and consequent ZO-1 degradation might play an active role in endothelial barrier disruption caused by JEV-infected pericytes.
JEV infection induced expression of IL-6 and contributed to barrier disruption. There is evidence showing that microvascular endothelial cells exposed to TNF-␣, IL-1␤, IL-6, or VEGF have increased paracellular permeability (30, 31) . We assessed whether JEV infection induces pericytes to express elevated levels of cytokines, which participate in endothelial barrier disruption. Our results showed that wild-type but not heat-inactivated JEV or mock infection caused robust IL-6 release from pericytes (Fig.  5A ). In contrast, there was no remarkable production of TNF-␣ (Fig. 5B) , IL-1␤ (Fig. 5C ), and VEGF (Fig. 5D ) during the course of JEV infection. To elucidate whether IL-6 plays a role in JEVconditioned medium-induced permeability induction, the condi- tioned media were pretreated with IL-6 neutralizing antibody. Pretreatment with IL-6 neutralizing antibody had an inhibitory effect on JEV-conditioned medium-induced trypsin-like (Fig. 6A , left graph) and chymotrypsin-like (Fig. 6A, right graph) proteasome activation, ZO-1 protein reduction (P Ͻ 0.05; n ϭ 4) (Fig.  6B) , and endothelial barrier disruption (Fig. 6C) . In parallel, the addition of exogenous IL-6 caused activation of trypsin-like (Fig.  6A , left graph) and chymotrypsin-like (Fig. 6A, right graph) proteasome activities, reduction of ZO-1 protein (P Ͻ 0.01; n ϭ 4) (Fig. 6B) , and disruption of endothelial barrier integrity (Fig. 6C ) in monoculture of endothelial cells. Another set of experiments further showed that the production of IL-6 (Fig. 7A) and the disruption of endothelial barrier integrity (Fig. 7B ) were positively correlated with infectious virus doses. Evidence suggests that the activation of Janus kinase (Jak)/signal transducers and activators of transcription (STAT) plays an important role in the signal transduction cascade event after the engagement of IL-6 and that its action can be blocked by pharmacological inhibitor AG490 (32) . The results showed that AG490 was able to inhibit JEVconditioned medium-and IL-6-induced trypsin-like (Fig. 6A , left panel) and chymotrypsin-like (Fig. 6A, right graph) proteasome activation, ZO-1 protein reduction (P Ͻ 0.01; n ϭ 4) (Fig. 6B) , and endothelial barrier disruption (Fig. 6C) . These results suggest that IL-6 is crucial in triggering proteasomal degradation of ZO-1 and disruption of endothelial barrier integrity and that the pericytes actively produce IL-6 during JEV infection.
Upregulation of ubiquitin E3 ligase contributed to barrier disruption. E3 ubiquitin ligases play a crucial role and determine the substrate specificity in ubiquitin-proteasome degradation machinery. The activation of IL-6 signaling has been demonstrated to induce Ubr 1 expression, one E3 ubiquitin ligase (32) (33) (34) . To elucidate the upstream regulatory mechanism of proteasomal degradation of ZO-1, the expression of Ubr 1 was examined. The results of Western blotting showed that the additions of JEV-conditioned medium to endothelial cells induced endothelial Ubr 1 expression (Fig. 8A) and that the elevation was attenuated by the pretreatment of IL-6 neutralizing antibody (P Ͻ 0.01; n ϭ 4) or the addition of AG490 (P Ͻ 0.01; n ϭ 4) (Fig. 8B) . The potential involvement of elevated Ubr 1 in mediating the accompanying ZO-1 degradation and endothelial barrier disruption was evaluated by silencing Ubr 1 expression in endothelial cells before conditioned medium or IL-6 treatments. In comparison with scrambled control, the silencing of the Ubr 1 gene made endothelial cells more refractory to JEV-conditioned medium-and IL-6-induced Ubr 1 upregulation (P Ͻ 0.01; n ϭ 4) as well as ZO-1 reduction (P Ͻ 0.01, n ϭ 4) (Fig. 8C) , trypsin-like (Fig. 8D , upper graph) and chymotrypsin-like (Fig. 8D, lower graph) proteasome activation, and barrier disruption (Fig. 8E) . These results suggest that Ubr 1 is an active E3 ubiquitin ligase involved in triggering proteasomal degradation of ZO-1 and consequent disruption of endothelial barrier integrity in response to JEV-conditioned medium or IL-6 treatments. 
DISCUSSION
JEV-associated neurotoxicity, characterized by neuronal dysfunction and neuroinflammation, has been well demonstrated in clinical and animal studies. Peripheral JEV infection ultimately results in central neurodegeneration by a mechanism that is not yet fully understood, but it is known that the structural and functional integrity of the BBB is severely compromised and that these alterations have impacts on the development of Japanese encephalitis (15) . Currently, there are few data on the relative contributions of the specific BBB cell types and mechanisms underlying the disruption of endothelial barrier integrity in Japanese encephalitis. Our previous study showed that direct infection of endothelial cells with JEV is not the determining event in regulating endothelial viability and barrier activity. Instead, JEV infection switches endothelial cells to the proinflammatory phenotype, which promotes recruitment of leukocytes and adhesion (25) . Here, we showed that brain pericytes, another cell type of the BBB component, can be a target for JEV infection and plays a role in a mechanism which contributes to the disruption of endothelial barrier integrity. In comparison with monoculture of endothelial cells, coculture with pericytes, either in cell-cell contact or out of contact, caused proteasomal degradation of endothelial tight junction protein ZO-1 and decreased the tightness of endothelial monolayers in response to JEV infection. JEV infection of pericytes induced robust production of IL-6, and its elevation in the cultured supernatants correlated well with barrier disruption ability. In parallel with the activation of IL-6 signaling after exposure to JEV-conditioned medium, endothelial cells upregulated E3 ubiquitin ligase Ubr 1 expression, leading to proteasomal degradation of ZO-1 and causing disruption of endothelial barrier integrity. The findings from the relevant studies described above suggest a potential indirect mechanism in Japanese encephalitis-associated BBB breakdown involving pericytes.
The formation and maintenance of BBB integrity depend critically on the interaction of endothelial cells with other cell types of the neurovascular unit. Therefore, cell culture-based in vitro BBB models have been developed using monoculture of brain microvascular endothelial cells or coculture of brain microvascular endothelial cells with other BBB component cells (35) . In this study, monoculture of endothelial cells and coculture of endothelial cells with pericytes in a direct contact manner orchestrated functional barrier integrity as evidenced by the establishment of electrical resistance and impermeability, particularly the former. Both endothelial cells (25) and pericytes were susceptible to JEV infection but with a limited efficacy and a negligible cytotoxicity under experimental conditions compared with BHK21 cell line. The significance of JEV-induced endothelial barrier disruption was observed in in vitro coculture but not in a monoculture model.
Increasing evidence demonstrates the specific role and contribution of endothelial cells, astrocytes, and pericytes in neurotropic virus-associated BBB breakdown (6, 23, 24, 28, 36) . In a Japanese encephalitis animal model, electron microscopic examination revealed the presence of virions in BBB-associated endothelial cells and pericytes (16, 17) , suggesting the potential involvement of endothelial cells or pericytes in accompanying BBB breakdown. Although pericytes possess permeability-inducing and -reducing effects (19, 20) , we found that pericytes acquired barrier disruption ability in response to JEV infection. A similar permeabilityinducing effect was demonstrated in pericytes infected with human immunodeficiency virus type 1 (HIV-1) (23) . Thus, our current findings suggest that the bystander effects from pericytes might play an active role in Japanese encephalitis-associated BBB breakdown.
The aforementioned results and those of relevant studies suggest that direct infection of endothelial cells with JEV has a negligible effect in regulating barrier activity. Other events such as cell-cell interaction and soluble-molecule bioactivity might be involved. The results of coculture with separated cell layers and exposure to conditioned medium further emphasize the crucial role of biologically active molecules released by JEV-infected pericytes. The regulation of BBB integrity by pericytes is of increasing interest due to the fact that these cells are in close proximity to brain endothelium and release a large number of endothelial permeability-regulating molecules. Pericytes are known to secrete elevated levels of permeability-inducing factors such as TNF-␣, IL-1␤, IL-6, metalloproteinases, and VEGF under different conditions (19) (20) (21) (22) 24) . These factors were elevated in JEV-infected animals and cultured glial cells (10, 11, 15, 31, (37) (38) (39) . However, in this experimental model, there was no apparent induction of TNF-␣, IL-1␤, VEGF, or metalloproteinases and only induction of IL-6 in JEV-infected pericytes. During JEV infection, the permeability-inducing effect of IL-6 was supported by the finding of the inhibitory effect of IL-6 neutralizing antibody against JEV-conditioned medium-induced barrier disruption and the barrier-disrupting effect of exogenous recombinant IL-6. The corresponding compromised endothelial barrier integrity by infected pericytes and accompanying IL-6 production was also noted in cases of HIV-1 and human cytomegalovirus infection (22, 23) . In addition to macrophage-derived neutrophil chemotactic factor (15), our findings suggest that IL-6 released by brain microvascular endothelium neighboring pericytes is of paramount importance in Japanese encephalitis-associated BBB breakdown.
Breakdown of the BBB has been previously demonstrated in JEV-infected animals. The demise of endothelial cells and/or the degradation or dissociation of tight junction proteins can in most cases be attributed to BBB disruption (10, (15) (16) (17) (18) . Tight junction proteins, including occludin and claudins that are joined to the cytoskeleton by the cytoplasmic proteins, such as ZOs in particular, play a key role in restricting paracellular permeability. The events of their transcription, translation, degradation, phosphorylation, and subcellular distribution control the formation and activity of tight junctions. Of particular importance are the matrix metalloproteinases, which are a protease family crucial to the degradation of tight junction proteins. The activation of metalloproteinases causes a degradation of tight junction proteins, including ZO-1, leading to the disruption of barrier integrity (1, 2, 28, 36, 40, 41) . However, metalloproteinases seemed to play a negligible The supernatants were collected and mixed with an equal volume of fresh medium. The manipulated media were added to brain microvascular endothelial cells for 24 h. The TEER (upper graph) and transendothelial permeability to dextran-FITC (lower graph) were measured. n ϭ 4. **, P Ͻ 0.01 versus mock.
role in JEV-infected pericyte-induced barrier disruption. No apparent induction of metalloproteinase activity was detected in endothelial cells infected with JEV and exposed to JEV-conditioned medium. An elevated expression of metalloproteinase was demonstrated in rat astrocytes in response to JEV infection (42) . That is, despite the crucial role of metalloproteinases in endothelial barrier integrity, their inductive expression varies and depends on cell types, stress, and microenviroments. Despite the successful detection of ZO-1, ZO-2, claudin-1, claudin-5, and occludin in our cultured endothelial cells, our data clearly showed an association between proteasomal degradation of ZO-1 and JEV-infected pericyte-induced disruption of endothelial barrier integrity. The degradation of ZO-1 and its reduction of surface presentation were accompanied by elevated proteasome activity in compromised endothelial cells. Other interesting findings in this study were that IL-6 participated in E3 ubiquitin ligase Ubr 1 expression and the consequent activation of ubiquitin proteasome and degradation of ZO-1 in brain microvascular endothelial cells. E3 ubiquitin ligases such as Itch and Nedd4 are involved in the proteasomal degradation of cytoplasmic proteins, including occludin (43, 44) . Evidence suggests that the expression of Ubr 1 is dependent on the STAT activity induced by the IL-6/gp130 signaling pathway (32, 45) . By extending the scope of these studies, we have demonstrated that the expression of Ubr 1 via stimulation with IL-6 is an alternative regulatory mechanism of cytoplasmic ZO-1 degradation. The presence of elevated levels of IL-6, activation of the STAT pathway, deformation of tight junctions, and disruption of the BBB have been observed in a mouse model of Japanese encephalitis (10, 15-18, 38, 39) . The results of this in vitro study showed parallel changes and demonstrated their execution and potential cross talk in endothelial cells and pericytes during the course of JEV infection. It should be noted that astrocytes and microglia are also capable of inducing IL-6 expression in response to JEV infection (37) . Therefore, the cross talk between endothelial cells and other cells such as as- Brain microvascular endothelial cells were exposed to the manipulated media (Mock CM and JEV CM) in the absence or presence of AG490 (50 M) for 24 h. One set of manipulated medium (JEV CM) was modified by neutralization with IL-6 neutralizing antibody (10 g/ml) for 30 min before being subjected to exposure. Total cellular proteins were isolated and subjected to Western blotting with antibodies against Ubr 1 and ␤-tubulin. One representative blot of four independent experiments is shown. The content in Mock CM was defined as 100%. Brain microvascular endothelial cells were transfected with control siRNA (1 nM) (mock transfection) or Ubr 1 siRNA (1 nM) for 4 h. The resultant cells were treated with IL-6 (20 ng/ml) or exposed to JEV CM for 24 h. Untreated cells were used as a control. (C) Total cellular proteins were isolated and subjected to Western blotting with antibodies against Ubr 1, ZO-1, and ␤-tubulin. One representative blot of four independent experiments is shown. The content in control was defined as 100%. (D) Cellular proteins were isolated and subjected to fluorogenic assay for determination of trypsin-like (upper graph) and chemotrypsin-like (lower graph) proteasome activities. n ϭ 4. (E) The TEER (upper graph) and transendothelial permeability to dextran-FITC (lower graph) were measured. n ϭ 4. **, P Ͻ 0.01 versus medium control; ##, P Ͻ 0.01 versus IL-6 control; &&, P Ͻ 0.01 versus JEV CM control.
trocytes and microglia through IL-6 was highly expected but not addressed in current study.
Brain homeostasis is maintained by the structure and function of the BBB, which plays a key role in the pathogenesis of neurotropic viruses by regulating the entry of circulating molecules, immune cells, or viruses into the CNS. Endothelial cells, which line the intraluminal portion of brain capillaries in close contact with basement membrane-embedded pericytes, are the direct targets of blood-borne materials. Previously, we found that JEV infection could activate brain microvascular endothelial cells and modify their proinflammatory characteristics without compromising the barrier integrity (25) . In this study, we showed a potential mechanism of disruption of endothelial barrier integrity during the course of JEV infection through the activation of neighboring pericytes. JEV infection selectively triggers pericyte release of IL-6. Under pathophysiological conditions, the consequences of the released IL-6 are to turn on gene expression and induce proinflammatory responses. Our data demonstrate that IL-6 released by JEV-infected pericytes is critical for proteasomal degradation of ZO-1 and the accompanying disruption of endothelial barrier integrity through the induction of Ubr 1 in brain microvascular endothelial cells. Our findings show that pericytes can be a target for JEV infection and appear to be one of the mechanisms by which the integrity of endothelial barrier is compromised. Collectively, these data suggest that JEV infection could activate pericytes and release IL-6, thereby contributing, in concert with other unidentified barrier-disrupting factors, to the induction of Japanese encephalitis-associated BBB breakdown.
